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Abstract—A combined planar lossless optical amplifier and
1 2 power splitter device has been realized in Al O:Er on
silicon. Net internal gain was measured over a wavelength range
of 40 nm across the complete telecom -band (1525–1565 nm).
Calculations predict net gain in a combined amplifier and 1 4
power splitter device over the same wavelength range for a total
injected pump power as low as 30 mW.
Index Terms—Aluminum oxide, erbium, integrated waveguide
device, integrated optics, optical amplifier.
I. INTRODUCTION
I NTEGRATED optical amplifiers allow for loss compensa-tion within photonic circuits. Typically in such an integrated
photonic circuit the optical signal power must be split into two
or more separate branches, resulting in a 50% power decrease
in each branch or more. In addition, the waveguide scattering
losses and losses as a result of various other device functions
must be compensated for.
In the past, integrated Er-doped planar lossless splitters
have been demonstrated in Er-doped silicate glass [1]–[3] and
phosphate glass hosts [4], [5]. Net gain was measured over
wavelength ranges of up to 16 nm for launched pump powers
in excess of 100 mW. Compared to these other materials,
Er-doped aluminum oxide (Al O :Er ) offers advantages due
to its higher refractive index contrast, which allows for smaller
bend radii and higher integration density. The higher refractive
index contrast also reduces the typical waveguide cross-section,
resulting in higher pump intensities in the Er-doped waveguide
core, thus lower pump power required for net gain. Further-
more, the broad Al O :Er emission spectrum allows for
amplification over a wide wavelength range. We have recently
demonstrated a peak gain of 2 dB/cm at 1533 nm and a net gain
over a wavelength range of 80 nm in this material [6].
In this letter, we describe a combined integrated Al O :Er
amplifier and 1 2 power splitter device. Zero-loss on-chip
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Fig. 1. Al O :Er on-chip lossless amplifier and splitter.
power splitting over a wavelength range of 40 nm was demon-
strated.
II. EXPERIMENTAL DETAILS
A. Fabrication
A 0.5- m-thick Al O :Er film was reactively cosput-
tered on a thermally oxidized silicon substrate [7]. Channel
waveguides were then defined by standard lithography and
reactive ion etching [8]. The resulting core of the Al O :Er
waveguides was 0.5 m high by 1.5 m wide. A 5- m-thick
SiO top-cladding layer was deposited by plasma-enhanced
chemical vapor deposition, and end facets were prepared by
dicing.
B. Lossless Amplifier/Splitter Design
An illustration of the combined Al O :Er amplifier and
splitter device is shown in Fig. 1. The device includes two sep-
arately pumped 8.6-cm-long Al O :Er waveguide sections.
This was to avoid the significant reduction in pump intensity
due to Er absorption and radiation and scattering of higher order
guided modes which would be expected to occur towards the
end of a single, 17.2-cm-long waveguide. By dividing the am-
plifier into two pumped sections, it was possible to ensure suffi-
cient pump intensity and Er ion excitation over the total active
waveguide length, based on the available pump power in the ex-
perimental setup. To facilitate the two pump inputs, two direc-
tional couplers were applied which were designed to selectively
couple signal light, while coupling minimal pump light. Each
coupler consisted of a straight coupling region with a length of
500 m, a gap of 2 m, and adiabatic sine bend transitions at the
input and output. Each sine bend had a lateral offset of 20 m
and a length of 250 m [9]. The lengths of the pump input sec-
tions in front of the couplers (2.3 mm) and the length of the
bend section between the couplers (bend radius m,
length mm) were minimized to avoid pump absorption
and reabsorption of signal light, respectively. The two pumped
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Al O :Er waveguide sections were folded so that the entire
device fit in an area of 4.2 30 mm.
C. Optical Characterization
The optical propagation losses in the Al O :Er channel
waveguides were measured by launching signal light from a
tunable laser source and observing the change in light intensity
with an infrared camera [10]. The launched signal and pump
powers were determined using insertion loss measurements
in straight channel waveguides on the same chip. In order
to characterize the signal enhancement in the Al O :Er
amplifier/splitter, fiber-array units (FAUs) were aligned si-
multaneously to the input and output ports of the chip using
piezoelectric computer-controlled stages. The FAUs consisted
of Nufern ultrahigh numerical aperture (UHNA) 3 fibers and
standard 1550-nm single-mode fibers for the pump and signal
inputs, respectively. Randomly polarized 976-nm pump light
from diode laser and Ti:sapphire laser sources and modulated
transverse-electric (TE)-polarized signal light from a tunable
laser source (1500–1580 nm) were launched into the device.
The output signal was coupled to an InGaAs detector followed
by a lock-in amplifier to eliminate residual pump light and
amplified spontaneous emission.
III. RESULTS AND DISCUSSION
The percentage of coupled power in directional couplers 1
and 2 was calculated using PhoeniX FieldDesigner modesolver
software [11]. As shown in Fig. 2(a), it was found to be 90%
for TE polarized signal light between 1500–1580 nm. Due
to generally lower coupling, thus higher loss, in the case of
transverse-magnetic (TM) polarization, the amplifier/splitter
was characterized for TE polarized signal light only. While
the coupled power in the device itself could not be measured
directly, directional couplers on a separate chip were exper-
imentally investigated. The measured coupled power at the
signal wavelength in those couplers was verified to be in
agreement with the calculated coupled power within 3%.
At the pump wavelength, where the Al O :Er waveguides
were multimode, the measured coupled power was in the
range 1%–10% depending on the relative excitation of the
fundamental and higher order modes. The loss in each output
branch of an identically designed y-splitter was also measured
separately and found to be close to the ideal 3 dB (3.1 dB with
an uncertainty of 0.5 dB).
The small-signal optical propagation loss in Al O :Er
channel waveguides on the amplifier/splitter chip was mea-
sured for TE polarization and as a function of wavelength
and is shown in Fig. 2(b). By fitting the data to the known Er
absorption cross-sections [6], a background propagation loss
of dB/cm was determined. Using the calculated
confinement factor of the signal light within the Er-doped
waveguide core (48%), the Er concentration was determined
to be cm . The optical propagation loss
was extrapolated over the wavelength range of interest using
the Er absorption and is also shown in the figure. Based on
these measurements, the total on-chip losses, including the total
propagation loss calculated for the full amplifier/splitter length,
the losses at each coupler, and the loss at the y-splitter, could
be determined for the unpumped device.
Fig. 2. (a) Calculated coupled optical power versus wavelength for directional
couplers 1 and 2 and TE and TM polarization. (b) Measured Al O :Er wave-
guide propagation loss for TE polarization as a function of wavelength and ex-
trapolated propagation loss using the known Er       absorption
cross-sections.
To determine the ideal response of the amplifier/splitter, the
rate-equation model described in [6] was applied. The gain was
calculated in each amplifying section and the losses at each cou-
pler, in the unpumped sections and at the y-splitter, were sub-
tracted to determine the total gain. The parameters used in the
calculation are summarized in Table I. A pump background loss
of 0.24 dB/cm was assumed based on previous measurements in
single-mode waveguides [6]. The concentration-dependent first
excited state fluorescent lifetime and energy transfer upconver-
sion (ETU) parameter were also taken from [6]. The total in-
ternal net gain at each output of the splitter, calculated for a
pump power of 15 mW launched into each amplifying branch
of the device, is shown in Fig. 3. In this ideal case, lossless split-
ting is predicted over a wavelength range of 53 nm. Using the
same device design with two additional y-splitters at each signal
output, a 1 4 amplifier/splitter could be realized. Based on the
calculated gain displayed in Fig. 3, and assuming an additional
loss of 3 dB introduced by the extra splitter, net internal gain
is predicted over a wavelength range of 40 nm in each output
of such a device. Similarly, lossless splitting is predicted over
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TABLE I
PARAMETERS USED IN CALCULATION OF GAIN IN EACH BRANCH OF
Al O :Er LOSSLESS SPLITTER[6]
Fig. 3. Ideal (calculated) internal net gain versus wavelength for a pump power
of 15 mW launched into each amplifying section of the amplifier/1  2 splitter
and measured internal net gain versus wavelength for a total pump power of
46 mW coupled to the chip.
25 nm (1527–1552 nm) in the ideal case for a 1 8 configura-
tion.
In order to determine the actual gain of the amplifier/splitter,
the signal enhancement was measured over the wavelength
range 1500–1580 nm. Approximately 1 W of signal power
was launched into the input waveguide to ensure the mea-
surement was within the small signal limit. Pump powers of
approximately 27 and 19 mW were launched into pump input 1
and 2, respectively. By subtracting the total loss from the mea-
sured signal enhancement, the net internal gain was determined
per output branch of the amplifier/splitter and is also shown in
Fig. 3. Net internal gain of up to 9.0 dB and over a wavelength
range of 1525–1565 nm was achieved.
Improvements in the current amplifier/splitter design are
possible. A single pump input followed by a y-splitter on-chip
would minimize the number of fiber-chip connections and allow
for a single, compact diode laser pump source. Furthermore, an
additional directional coupler could be applied at each output
to filter residual pump light.
IV. SUMMARY
A broadband, zero-less Al O :Er optical amplifier and
1 2 power splitter device has been demonstrated with in-
ternal net gain measured over a wavelength range of 40 nm
(1525–1565 nm). Using a similar design, calculations predict
a 1 4 lossless amplifier/splitter over the same wavelength
range when launching a total of 30 mW into the amplifying
sections of the device. Due to their broad gain and low pump
power requirements, such active Al O :Er devices can be
considered as practical solutions for loss compensation within
integrated optical circuits.
ACKNOWLEDGMENT
The authors thank M. Dijkstra from the MESA+ Institute for
Nanotechnology for assisting with fabrication of the samples.
REFERENCES
[1] P. Camy, J. E. Romàn, F. W. Willems, M. Hempstead, J. C. van der
Plaats, C. Prel, A. Béguin, A. M. J. Koonen, J. S. Wilkinson, and C.
Lerminiaux, “Ion-exchanged planar lossless splitter at 1.5  m,” Elec-
tron. Lett., vol. 32, no. 4, pp. 321–323, 1996.
[2] D. Barbier, M. Rattay, F. S. André, G. Clauss, M. Trouillon,
A. Kevorkian, J.-M. P. Delavaux, and E. Murphy, “Amplifying
four-wavelength combiner, based on erbium/ytterbium-doped wave-
guide amplifiers and integrated splitters,” IEEE Photon. Technol. Lett.,
vol. 9, no. 3, pp. 315–317, Mar. 1997.
[3] M. W. Sckerl, S. Guldberg-Kjaer, C. Laurent-Lund, and M. R. Poulsen,
“Loss-less planar waveguide 1:4 power splitter at 1550 nm,” in Proc.
25th Eur. Conf. Opt. Commun., Nice, France, 1999, pp. 48–49.
[4] Y. Jaouën, L. du Mouza, D. Barbier, J.-M. Delavaux, and P. Bruno,
“Eight-wavelength Er–Yb doped amplifier: Combiner/splitter planar
integrated module,” IEEE Photon. Technol. Lett., vol. 11, no. 9, pp.
1105–1107, Sep. 1999.
[5] Z. He, Y. Li, Y. Zhang, D. Li, L. Liu, and L. Xu, “Er Yb
co-doped waveguide amplifier and lossless power splitter fabricated
by a two-step ion exchange on a commercial phosphate glass,” J.
Korean Phys. Soc., vol. 49, no. 5, pp. 2159–2163, 2006.
[6] J. D. B. Bradley, L. Agazzi, D. Geskus, F. Ay, K. Wörhoff, and
M. Pollnau, “Gain bandwidth of 80 nm and 2 dB/cm peak gain in
Al O :Er optical amplifiers on silicon,” J. Opt. Soc. Amer. B, vol.
27, no. 2, pp. 187–196, Feb. 2010.
[7] K. Wörhoff, J. D. B. Bradley, F. Ay, D. Geskus, T. P. Blauwendraat, and
M. Pollnau, “Reliable low-cost fabrication of low-loss Al O   Er
waveguides with 5.4-dB optical gain,” IEEE J. Quantum Electron., vol.
45, no. 5, pp. 454–461, May 2009.
[8] J. D. B. Bradley, F. Ay, K. Wörhoff, and M. Pollnau, “Fabrication of
low-loss channel waveguides in Al O and Y O layers by inductively
coupled plasma reactive ion etching,” Appl. Phys. B, vol. 89, no. 2–3,
pp. 311–318, 2007.
[9] K. T. Koai and P.-L. Liu, “Modeling of Ti   LiNbO waveguide de-
vices: Part II-s-shaped channel waveguide bends,” J. Lightw. Technol.,
vol. 7, no. 7, pp. 1016–1022, Jul. 1989.
[10] M. Hoekman, “A characterization technique for loss in arbitrarily
shaped IO waveguiding structures using camera imgaing,” Internal
Communication, 2009.
[11] PhoeniX. [Online]. Available: http://www.phoenixbv.com
Authorized licensed use limited to: UNIVERSITEIT TWENTE. Downloaded on February 6, 2010 at 14:28 from IEEE Xplore.  Restrictions apply. 
